In chromaffin cells, Ca 2+ binding to synaptotagmin-1 and -7 triggers exocytosis by promoting fusion pore opening and fusion pore expansion. Synaptotagmins contain two C2 domains that both bind Ca 2+ and contribute to exocytosis; however, it remains unknown whether the C2 domains act similarly or differentially to promote opening and expansion of fusion pores. Here, we use patch amperometry measurements in WT and synaptotagmin-7-mutant chromaffin cells to analyze the role of Ca 2+ binding to the two synaptotagmin-7 C2 domains in exocytosis. We show that, surprisingly, Ca 2+ binding to the C2A domain suffices to trigger fusion pore opening but that the resulting fusion pores are unstable and collapse, causing a dramatic increase in kiss-and-run fusion events. Thus, synaptotagmin-7 controls fusion pore dynamics during exocytosis via a push-and-pull mechanism in which Ca 2+ binding to both C2 domains promotes fusion pore opening, but the C2B domain is selectively essential for continuous expansion of an otherwise unstable fusion pore. patch amperometry | synaptic transmission | capacitance measurements | neurotransmitter release | patch clamp
In chromaffin cells, Ca 2+ binding to synaptotagmin-1 and -7 triggers exocytosis by promoting fusion pore opening and fusion pore expansion. Synaptotagmins contain two C2 domains that both bind Ca 2+ and contribute to exocytosis; however, it remains unknown whether the C2 domains act similarly or differentially to promote opening and expansion of fusion pores. Here, we use patch amperometry measurements in WT and synaptotagmin-7-mutant chromaffin cells to analyze the role of Ca 2+ binding to the two synaptotagmin-7 C2 domains in exocytosis. We show that, surprisingly, Ca 2+ binding to the C2A domain suffices to trigger fusion pore opening but that the resulting fusion pores are unstable and collapse, causing a dramatic increase in kiss-and-run fusion events. Thus, synaptotagmin-7 controls fusion pore dynamics during exocytosis via a push-and-pull mechanism in which Ca 2+ binding to both C2 domains promotes fusion pore opening, but the C2B domain is selectively essential for continuous expansion of an otherwise unstable fusion pore. -dependent fusion of synaptic vesicles or secretory granules (1) (2) (3) . Fusion in each case is triggered by Ca 2+ binding to synaptotagmins, with synaptic vesicle fusion being mediated by synaptotagmin-1, -2, or -9 (Syt1, Syt2, or Syt9), and secretory granule fusion in chromaffin cells by Syt1 and Syt7 (4) (5) (6) (7) (8) (9) . Synaptotagmins are secretory vesicle membrane proteins composed of an N-terminal transmembrane region and two C-terminal C2 domains, C2A and C2B, each of which binds Ca 2+ (10) (11) (12) . In chromaffin cells, KO of Syt1 alone abolishes the fast phase of exocytosis (7, 8) , whereas double KO of Syt1 and Syt7 abolishes all major phases of exocytosis, which together account for more than 90% of Ca 2+ -triggered fusion (9) . Similar results were obtained for Syt1, Syt7, and Syt9 in other neuroendocrine cells (13) (14) (15) (16) (17) (18) .
Synaptotagmins probably promote fusion pore opening and expansion during exocytosis, but it is unclear whether they sculpt the fusion pore directly or control fusion pore dynamics indirectly. Synaptotagmins act in exocytosis by Ca 2+ -dependent binding to SNARE proteins and phospholipids (19) (20) (21) (22) . Strikingly, the two C2 domains perform differential functions in exocytosis: Whereas Ca 2+ binding to the Syt1 C2B domain is essential for exocytosis, Ca 2+ binding to the C2A domain boosts C2B-domain action approximately twofold but in itself is not essential (23) (24) (25) . However, it remains unknown how the two C2 domains differentially affect fusion pore dynamics to account for their overall functions in exocytosis.
Most studies on synaptotagmins were carried out in synapses, where fusion pores cannot be monitored accurately. Neuroendocrine cells allow a more reliable analysis of fusion pores, and much has been learned about synaptotagmin function in native chromaffin cells and in transfected and/or permeabilized PC12 cells (8, 9, 13-15, 22, 26-30) . However, the differential role of C2 domains in fusion pores was studied only in overexpression studies in transfected PC12 cells, in which Syt1 overexpression paradoxically inhibits exocytosis (26) . Although these studies confirmed that the Syt1 C2 domains perform distinct functions in fusion (27) (28) (29) , overexpression can produce general changes in membrane dynamics and promote unphysiological protein interactions [as evidenced by the overexpression-induced inhibition of fusion by Syt1 (26) ], rendering interpretations difficult. Thus, to tease apart the physiological role of the C2 domains of a synaptotagmin in fusion-pore dynamics, analyses that substitute the endogenous protein at physiological levels are required.
In the present study, we used Syt7 KO and knockin (KI) mice that either lack Syt7 expression or express at physiological levels mutant Syt7 with point mutations that abolish Ca 2+ binding to its C2B domain (Syt7* KI) (31) . Using cultured chromaffin cells from these mice, we examined the role of the Syt7 C2 domains in fusion pore opening and expansion. Because a potential problem in analyzing fusion pores is the difficulty in measuring fusion pore dynamics using only conventional techniques such as amperometry, we also used patch amperometry (32) , the only method that allows reliable biophysical measurements of fusion pore dynamics in a neuroendocrine cell. Patch amperometry simultaneously detects the increase in cell-surface area caused by the fusion of a single secretory granule and electrochemically detects catecholamine release by means of a carbon fiber detector inserted inside a patch pipette (32) . Our results show that Syt7 shapes fusion pore dynamics without directly participating in the fusion pore itself and that its C2A and C2B domains contribute differentially to the fusion pore. Ca 2+ binding to both C2 domains opens the pore, but only Ca 2+ binding to the C2B domain can support full expansion of the fusion pore. Our results suggest a biophysical rationale for the selectively essential role of the synaptotagmin C2B domains and provide a model of synaptotagmin function in fusion-pore dynamics under physiological expression levels of this protein.
Results
Syt7 Mediates Catecholamine Exocytosis. Ca 2+ -triggered exocytosis of chromaffin granules was elicited by consecutive 20-s puffs of a solution containing 70 mM K + in the vicinity of cultured chromaffin cells and was measured by carbon-fiber amperometry ( Fig. 1 A-C) (33) . K + stimulation induced bursts of amperometric spikes that declined with repetitive stimulations, as illustrated by calculating the integrated amperometric charge under each response (Fig. 1D ). Both Syt7 KO and Syt7* KI cells exhibited a decrease of ∼50% in the integrated amperometric charge compared with WT cells (Fig. 1D) . Thus, consistent with a previous report (9) , both Syt7 mutations caused a similar ∼50% inhibition of Ca 2+ -triggered release in chromaffin cells. Strikingly, the shape and pattern of amperometric spikes differed between WT, Syt7 KO, and Syt7* KI cells. Syt7 KO cells exhibited a decrease in the number of spikes per stimulus compared with WT cells (Fig. 1E) , whereas Syt7* KI cells displayed an increase in the number of spikes (WT cells: 39 ± 5 spikes/K + stimulus, n = 24 cells; Syt7 KO cells: 29 ± 5 spikes/K + stimulus, n = 16 cells; Syt7* KI cells: 68 ± 12 spikes/K + stimulus, n = 24 cells; P = 0.00238 and P = 0.0208, for KI/KO and KI/WT comparisons, respectively). In contrast, the average half-width of individual spikes was similar for WT and Syt7 KO cells [10. 76 ± 1.06 ms (n = 2,564 spikes/38 cells) and 10.35 ± 0.87 ms (n = 2,275 spikes/48 cells), respectively] but was much lower in Syt7* KI cells (5.93 ± 0.29 ms; n = 3,826 spikes/55 cells) (Fig. 1F) . As a result, the average charge per spike (pC) was 0.62 ± 0.086 in WT cells, 0.49 ± 0.053 in Syt7 KO cells, and 0.33 ± 0.022 Syt7* KI cells (Fig. 1G) , indicating that smaller amounts of catecholamines are released per fusion event in Syt7* KI cells. Thus, although the cumulative charge of spikes was decreased to the same extent in Syt7 KO and Syt7* KI cells, as compared with WT cells (Fig. 1D) , the mechanism of the decrease differs: Syt7 KO cells execute fewer exocytic events that, however, have WT properties, whereas Syt7* KI cells execute more exocytic events that, however, release smaller amounts of catecholamines per event.
Syt7 Mutations Do Not Alter the Kinetics of Fusion-Pore Opening. We next examined foot signals preceding amperometric spikes because the parameters of these amperometric feet (e.g., their duration, amplitude, and charge) provide insight into the properties of exocytic fusion pores (33, 34) . We measured the foot from the time at which the amperometric current exceeds noise by 3 SD until the development of the upstroke of the amperometric spike (by extrapolation to zero from the rising phase of the amperometric spike) (Fig. 2A) . To monitor specifically the spikes originating close to the surface of the electrochemical detector, we examined only spikes with amplitudes >20 pA. The distribution of foot duration times could be fitted by a single exponential (Fig. 2 B-D) , although an additional slower exponential component might be present in WT and Syt7 KO cells that was not studied further (see upward deviation of data points for long-lasting feet in Fig. 2 B and C). We observed no significant differences in foot duration in WT (7.05 ± 0.92 ms, n = 29 cells), Syt7 KO (6.6 ± 0.79 ms, n = 16 cells), and Syt7* KI cells (7.4 ± 0.78 ms, n = 36 cells) (Fig. 2E ), nor were the foot amplitudes ( Fig. 2F ) and charges ( Fig. 2G ) significantly different, suggesting that Syt7 does not affect the structure and dynamics of the early exocytic fusion pore.
Patch Amperometry Measurements from Syt7 KO Cells. To define better the biophysical properties of fusion pores in Syt7 KO and KI cells, we performed patch amperometry experiments (Fig. 3A) . By simultaneously measuring the capacitance of a membrane patch and the exocytic release of catecholamines in this patch, patch amperometry allows high-resolution definitions of fusion pores (32, (34) (35) (36) (37) . Although patch amperometry monitors exocytic events that occur spontaneously in response to sealing the patch pipette on the cell surface, the fusion events observed nevertheless are Ca 2+ -dependent and are triggered by the Ca 2+ introduced into the cell during patching (34) .
An example of stepwise increases in capacitance, indicating full fusion of chromaffin granules with the membrane patch under the pipette tip, is shown by the blue trace in Fig. 3B . Exocytosis of catecholamines into the patch pipette is measured as an amperometric spike that follows the step increase in capacitance (Fig. 3B , red trace). The amplitude of the amperometric spike peak varies among exocytic events but correlates with the size of the capacitance step, indicating that larger chromaffin granules contain a higher amount of catecholamines, although all chromaffin granules contain a similar concentration of catecholamines (37) . Events detected by patch amperometry are slower than the events observed by conventional amperometry, presumably because the distance from the carbon fiber electrode (CFE) to the membrane is slightly longer in the patch amperometry than in the conventional amperometry configuration.
We observed no significant difference in the size of capacitance steps in WT, Syt7 KO, and Syt7* KI cells (Fig. 3C) , demonstrating that the size of chromaffin granules was unchanged in Syt7 KO and KI cells. Thus, the reduced charge of individual amperometric spikes ( transient and do not allow full release of the granule contents. Indeed, we observed that the charge of amperometric spikes associated with capacitance steps (i.e., full-fusion events) was similar for WT and Syt7 KO cells [3.24 ± 0.5 pC (n = 209 spikes/20 cells) and 3.8 ± 0.4 pC (n = 183 spikes/16 cells), respectively], indicating that the vesicular catecholamine concentration was unchanged in Syt7 KO cells (Fig. 3D) . The charge associated with capacitance steps also was not statistically significant in Syt7* KI cells compared with WT cells (2.7 ± 0.3 pC; n = 272 spikes/20 cells). Thus, the vesicular catecholamine concentrations are not significantly different. Other kinetic parameters determined in patch amperometry are shown in Table S1 .
Ca
2+ Binding to the Syt7 C2B Domain Promotes Fusion-Pore Expansion.
We next analyzed the fusion pore conductance of full-fusion events in WT, Syt7 KO, and Syt7* KI cells to test whether the Syt7 mutations alter fusion pore properties, especially fusion pore expansion (Fig. 4) . From the imaginary (Im; blue traces in Fig. 4 A and B) and real (Re; green traces) components of the admittance, we determined the fusion pore conductance. Pore conductance (Gp, black traces), which we correlated with catecholamine release as measured by amperometry (red), was calculated using the equation Gp = (Re 2 + Im 2 )/Re (35) . In a typical example from a WT cell, fusion pores expanded rapidly (Fig. 4A) , and most full-fusion events reached an immeasurable Gp value quickly. In Syt7* KI cells, as shown in a characteristic example in Fig. 4B , the time course of Gp occasionally showed a long plateau, in this case with a fusion-pore conductance of ∼450 pS, before completely opening (black trace). Interestingly, during this plateau phase a clear but slow amperometric spike was detected (red trace), indicating rather complete release of the vesicle contents via a narrow fusion pore.
We defined fusion-pore expansion as full when Gp was >2 nS and plotted the frequency distribution of fusion pore lifetimes from opening until full fusion pore expansion was reached. In WT cells, this distribution followed an approximately exponential distribution, with a time constant of 53 ms (Fig. 4C ), suggesting that a single rate-limiting step controls fusion pore expansion. In both Syt7 KO and Syt7* KI cells, however, we observed a significant number of narrow, low-conductance fusion pores that exhibited longer lifetimes than in WT cells (Fig. 4B) . As a result, the fitted time constants for the lifetime distribution of fusion pore opening were twofold larger in Syt7 KO (118 ms) and Syt7* KI cells (106 ms) than in WT cells (53 ms) (Fig. 4 C, E, and G) . To calculate this difference more accurately, we determined the average lifetime of fusion pores in individual cells and then calculated the mean of the average lifetimes (Fig. 4I) (WT: 53 ± 7 ms, n = 17 cells; Syt7 KO: 146 ± 28 ms, n = 28 cells; Syt7* KI: 126 ± 27 ms, n = 27 cells; WT/ Syt7 KO, P = 0.0002; WT/Syt7* KI, P = 0.018). The average lifetime is even longer for Syt7 KO and Syt7* KI cells because of the contribution of some long-lasting events. Thus, both Syt7 KO and Syt7* KI mutations delay fusion pore expansion. We must point out the apparent inconsistency of this finding with the unchanged foot duration observed in the amperometry experiments. A fusion-pore conductance measurement has a time resolution of 4-12 ms (for the 1-3 ms, 24 dB lock-in filter setting), which is the upper limit of foot duration. Therefore, admittance measurements selectively monitor a subset of fusion-pore lifetimes indicated by the amperometric foot signals analyzed in conventional amperometric recordings as in Fig. 2 . Syt7 appears to be selectively involved in the expansion of fusion pores with long duration.
To define better the effects of the Syt7 mutations on fusion-pore properties, we next plotted the frequency distribution of Gp values measured during fusion pore expansion in WT, Syt7 KO, and Syt7* KI cells (Fig. 4 D, F, and H) . Similar peaks in Gp values were observed in WT, Syt7 KO, and Syt7* KI cells (250 pS, 300 pS, and 200 pS, respectively). The frequency distributions of Gp values show larger additional peaks around 760-800 pS, indicating that fusion-pore expansion is not a continuous process. Together, these results indicate that the structure of the early fusion pore is unchanged in Syt7 KO and KI cells, consistent with the lack of change in the amperometric foot signals (Fig. 2) , but that fusion pores dwell longer in a partly opened state in Syt7 mutant cells. Syt7* KI Increases Kiss-and-Run Events. In patch amperometry of WT cells, we observe not only full-fusion events characterized by stepwise capacitance changes but also occasional capacitance flickers in which the capacitance increase is rapidly reversed but still is associated with an amperometric signal. Strikingly, we detected a large increase in the incidence of such capacitance flickers in Syt7* KI cells (Fig. 5 A and B) . Moreover, we occasionally observed amperometric spikes without any apparent change in capacitance trace, presumably reflecting transient fusion events of a duration that is too short for the time resolution of the capacitance measurements (4-12 ms, depending on lock-in filter setting). In most cases, we could record a change in the real part of the admittance during capacitance flickers, reflecting the initial narrow fusion pore. A simulation further supporting the notion that these events are caused by a transient fusion pore of 100-150 pS is shown in Fig. S1 , suggesting that the capacitance flickers represent rapid kiss-and-run fusion events with release via a brief transient opening of the fusion pore. Fig. 5C plots the relationship between the amplitude of capacitance increases and the amplitude of the amperometric spike.
The red dots represent full-fusion events, indicating a linear relationship between these two parameters, as has been described (23) (24) (25) . Green triangles show the same relationship for transient fusion events. Note that the charge of the spikes for which the change in capacitance was undetectable (volume of zero) was smaller, on average, than that of spikes where a capacitance change was observed. In most cases, we could record a change in the real part of the admittance, reflecting an initial narrow fusion pore. This observation is in agreement with a reduced quantal size of events in Syt7* KI cells in regular amperometry experiments, because part of the vesicle contents might be lost during spontaneous or potassium-induced kiss-and-run events. The amount of catecholamine released during kiss-and-run events was significantly smaller than in full-fusion events (Fig. 5D ). This effect was even more pronounced in kiss-and-run events that showed very little change in capacitance (Fig. 5D) , further indicating partial release of the vesicle contents through a small fusion pore.
Finally, we analyzed the relative proportion of transient fusion and full-fusion events in WT, Syt7 KO, and Syt7* KI cells. The percentages of full-fusion and kiss-and-run events per cell were similar for WT and Syt7 KO cells [full fusion: WT, 77.8 ± 5% (n = 12 cells, 414 events); Syt7 KO, 79.8 ± 3.4% (n = 12 cells, 358 events); kiss-and-run events: WT, 22.2 ± 5% (n = 12 cells, 118 events); Syt7 KO, 20.2 ± 3.4% (n = 12 cells, 78 events)]. In contrast, the percentage of full-fusion events exhibited a significant decrease in Syt7* KI cells (59.1 ± 5.3%; n = 23 cells, 441 events), whereas the percentage of kiss-and-run events doubled [40.9 ± 5.3% (n = 23 cells, 265 events); WT/Syt7* KI, P = 0.02; Syt7 KO/Syt7* KI, P = 0.0074]. Accordingly, the ratio of kiss-andrun to full-fusion events for individual cells was increased significantly in Syt7* KI cells (0.91 ± 0.14; n = 23 cells) as compared with WT cells (0.38 ± 0.14; n = 12 cells; P = 0.02) or Syt7 KO cells (0.28 ± 0.06; n = 12 cells; P = 0.0074) (Fig. 5E) . During kissand-run events, the distribution of Gp was shifted to smaller conductance values (Fig. 5F ). The lifetime of the fusion pore while flickering was 73 ms and was comparable to the time taken by the fusion pore to expand in full-fusion events (Fig. 5G) . The analysis of transient fusion events was done only in the Syt7* KI cells, because these events are so rare in WT and Syt7 KO cells that we could not collect sufficient data for analysis. Fig. 4 . Syt7 KO and KI do not alter Gp but impair fusion pore expansion. (A and B) Calculation of Gp in full-fusion events for a WT cell (A) and a synaptotagmin C2B-domain KI cell (B). From the imaginary (Im; blue) and real (Re; green) components of the admittance, we calculated the time course of Gp (orange). The amperometric trace is shown in red. The amperometric spike starts before the fusion pore is fully expanded. (C-H) Dwelltime distribution of fusion-pore expansion (C, E, and G) and frequency distribution of Gp values during fusion-pore expansion of full-fusion events (D, F, and H) from WT (C and D), Syt7 KO (E and F), and Syt7* KI cells (G and H). Dwell-time distributions were fitted to a single exponential (WT, τ = 52.6 ms; Syt7 KO, τ = 117.6 ms; Syt7* KI, τ = 106.4 ms; P < 0.01). For the frequency distribution of Gp values, the histogram was fitted to two Gaussian distributions for WT (fitted means ± SD values were 241 ± 105 pS and 724 ± 343 pS; Gp grows continuously to immeasurable values, i.e., >3 nS) and Syt7 KO cells (302 ± 151 pS and 764 ± 283 pS) and to three distributions for Syt7* KI cells (211 ± 166 pS, 806 ± 266 pS, and 1745 ± 593 pS). The third peak in the C2B-domain KI cells indicates that the fusion pore maintains this conductance before full expansion. (I) The average pore duration for WT was shorter than for Syt-7 KO (**P = 0.0002) and Syt7* KI (*P = 0.018), further corroborating that fusion-pore expansion is slower in mutant animals. (J) Superposition of normalized fits to Gp histograms shown in D, F, and H. The histograms are quite similar, except for a higher incidence of larger conductance values in Syt7* KI cells.
Discussion
Using conventional amperometry to study the K + -stimulated fusion of single granules in cultured chromaffin cells, we show that both Syt7 KO and Syt7* KI cells reduce release by ∼50% but do so by different mechanisms (Fig. 1) . Syt7 KO cells decrease the rate of fusion events, with no change in quantal size. In contrast, Syt7* KI cells decrease the quantal size of fusion events, with no change in their rate. Moreover, analyses of amperometric feet showed that neither Syt7 mutation altered the kinetics of fusion pore opening (Fig. 2) . These observations confirm that Syt7, together with Syt1, mediates the Ca 2+ triggering of fusion pore opening in chromaffin cells (9) and suggest, somewhat surprisingly, that Ca 2+ binding to the C2A domain is fully sufficient to trigger fusion pore opening when the C2B domain is blocked from Ca 2+ binding. Indeed, the loss of overall Syt7 function in the Syt7* KI cells that lack Ca 2+ binding to the C2B domain appears to be caused by a decrease in the amounts of catecholamines released by individual fusion events, as reflected in the large decrease in quantal size that is observed as a decrease in amperometric spike halfwidth in Syt7* KI cells but not in Syt7 KO cells (Fig. 1) .
To determine why Syt7* KI cells exhibit not a simple decrease in fusion events but a shift to less productive fusion events and why Ca 2+ binding to the C2B domain is essential for normal fusionpore formation, we performed patch amperometry experiments (Fig. 3) . We found that the Syt7 KO and Syt7* KI mutations did not change the conductance properties of the fusion pore (Fig. 4) . This result is important, because it suggests that Syt7 and, by extension, other synaptotagmins as well, do not contribute directly to the fusion-pore structure but instead modulate it via Ca 2+ -triggered phospholipid and SNARE binding. We did observe, however, that both the Syt7 KO and the Syt7* KI mutation dramatically retarded the expansion of long-lived fusion pores, as evidenced by a twofoldlonger average fusion pore expansion time (Fig. 4) . This function of Syt7 is observed selectively for long-lived fusion pores and is not evident in rapidly expanding fusion pores that dominate the foot duration in conventional amperometric recordings. Finally, we found that the Syt7* KI cells, but not the Syt7 KO cells, dramatically increased the relative frequency of unstable fusion pores, resulting in an increase in the frequency of transient events.
A plausible model to account for our observations, on the background of the literature, is that synaptotagmins in general and Syt7 in particular function in a two-stage manner. Ca 2+ binding to both C2 domains promotes initial fusion pore opening, with Ca 2+ binding to the C2A domain alone being sufficient for this action, as indicated by the fact that inactivation of Ca 2+ binding to the C2B domain in Syt7* KI cells does not decrease the number of Ca 2 + -triggered fusion events observed by amperometry (Fig. 1) . Thus, although Ca 2+ binding to the C2B domain is essential for normal exocytosis (23) (24) (25) , it actually is not required for initiating fusion, and Ca 2+ binding to the C2A domain alone suffices to pull open the fusion pore via a Ca 2+ -dependent restructuring of the phospholipid membranes with associated SNARE-protein complexes. However, Ca 2+ binding to the C2B domain is essential for stabilizing fusion pores once they have opened, as evidenced by the enormous increase in transient fusion pores in Syt7* KI cells (Fig. 5 ).
Can this model account for all the present observations on the function of synaptotagmin C2 domains, not only those described in the present study but also those of previous studies? A major implication of the model is that the well-documented essential nature of Ca 2+ binding to the C2B domain (23) (24) (25) does not reflect its role in initiating initial fusion pore opening (which it must do, similar to Ca 2+ binding to the C2A domain, because C2A-domain mutants block only ∼50% of synaptotagmin function) (25) but is the result of the role of Ca 2+ binding to the C2B domain in promoting productive fusion pore openings. Thus, the overall decrease in fusion events in Syt7 KO cells would be caused by decreased fusion pore opening events, with the remaining 50% of fusion events caused by Syt1 (9) . Moreover, our study contains two key observations that are puzzling but can be explained by our model. First, fusion events in Syt7* KI cells release smaller amounts of catecholamines than fusion events in either WT or Syt7 KO cells, even though the size of the capacitance steps is unchanged (and thus the granules are not smaller) (Figs. 1 and 3) . Given the high incidence of transient fusion pores without full collapse in Syt7* KI cells, the most likely explanation for this observation is that the reduced quantal size could be and kiss-and-run (K&R) events as determined in Syt7* KI cells. Kiss-and-run events with an observable change in capacitance had a significantly smaller charge than full-fusion events. Smaller amounts of catecholamines were released in kissand-run events with no observable change in capacitance (K&R no C) than in full-fusion events. Kiss-and-run events with no change in capacitance had a significantly smaller amperometric charge than kiss-and-run events in which we could detect a change in capacitance, further indicating partial release during kiss-and-run events. *P < 0.0001; **P = 0.002. (E) Ratio of kissand-run and full-fusion events for WT, Syt7 KO, and Syt7* KI cells. The proportion of full-fusion events decreases in Syt7* KI versus the WT and Syt7 KO cells; Kiss-and-run events increase concomitantly in Syt7* KI with respect to WT and Syt7 KO cells. *P = 0.02; **P = 0.0074. (F and G) Fusion-pore analysis for reversible fusion events in Syt7* KI cells. (F) Gp distribution is skewed to the left in reversible fusion events as compared with full-fusion events, indicating fusion pores that do not dilate during kiss-and-run events.
(G) The dwell-time distribution of fusion-pore opening has a τ of 73 ms.
caused by a partial release in the form of kiss-and-run events. Second, both the Syt7 KO and the Syt7* KI mutation increase the dwell time of the fusion pore (Fig. 4) , a result that seems counterintuitive if the Syt7 KO simply produced fewer but otherwise normal fusion events mediated by Ca 2+ binding to Syt1. However, Ca 2+ triggering of exocytosis probably requires activation of an unknown minimum number of synaptotagmins on a vesicle or granule. When Syt7 is inactivated in the Syt7 KO, the concentration of activated synaptotagmins on chromaffin granules is lower, because only Syt1 is left, causing the decrease not only in fusion-pore opening but also in the fusion pore expansion rate.
Experimental Procedures
Chromaffin Cell Preparation. We used chromaffin cells from adult (3-to 6-moold) male and female Syt7 KO and Syt7* KI mice. Primary chromaffin cell cultures were prepared as previously described (37) and incubated at 37°C at 5% CO 2 . Experiments were done on cells after 1-4 d in culture at room temperature.
Solutions. The pipette solution contained 80 mM tetraethylammonium chloride, 35 mM NaCl, 5-10 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes/NaOH, 5 mM ClK, and 5 mM BaCl 2 . The bath solution contained 140 mM NaCl, 2.7 mM KCl, 5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes/NaOH, and 5-10 mM glucose. For regular carbon fiber amperometry, we used the following solution for stimulation: 72 mM NaCl, 70 mM KCl, 10 mM Hepes, 6 mM glucose, 4 mM CaCl 2 , and 4 mM MgCl 2 . For all solutions the osmolarity was 300 mOsm/kg, and the pH was adjusted to 7.4.
Generation of Syt7 Knockout and Knockin Models. The generation and analysis of Syt7-mutant mice has been described (31).
Amperometry and Patch Amperometry. Regular extracellular amperometry was performed by placing a carbon fiber electrode held at +800 mV in the vicinity of the cell as described (33) . Amperometric currents were filtered with an eight-pole low-pass Bessel filter set at 3 kHz. Changes in membrane capacitance caused by single chromaffin granule fusion and catecholamine release from the same granule were recorded simultaneously by patch amperometry (32, 37) . Briefly, oncell patch clamp gigaseals were obtained with a patch pipette containing a CFE, in which the disk surface detection of the CFE was positioned very close to the tip opening (∼1-5 μm). The CFE was prepared from 5-μm-diameter carbon fibers as described previously (33) . Patch pipettes were pulled in three stages with a programmable puller (P-97; Sutter Instruments) and coated with a silicone compound (Sylgard 184; Dow Corning). Pipettes were fire-polished and had a typical resistance in the bath of ∼2 MΩ. Pipette resistance typically increased up to 3-4 MΩ when the CFE approached the tip opening. To place the CFE, a special holder with two Ag/AgCl electrodes was used. Amperometric currents in patch amperometry experiments also were filtered with an eight-pole low-pass Bessel filter set at 3 KHz. We subtracted the constant direct current level in the CFE to calculate the time integral of the amperometric signal. We used a patch clamp amplifier (EPC-7; HEKA-Elektronik) for cell-attached capacitance measurements. Command voltage was applied to the bath. Changes of patch admittance were measured as described previously (35, 36) with a lock-in amplifier (SR830; Stanford Research Systems) using a sine-wave amplitude of 50 mV (rms) at a frequency of 20 KHz. The output filter was set to a 1-or 3-ms time constant, 24 db. Data acquisition was done with a 16-bit A/D converter (6052-E; National Instruments) with locally written software in Igor Pro (Wavemetrics, Inc.). Fusion-pore openings were analyzed as described previously (35) . Gp was calculated from the real (Re) and imaginary (Im) parts of the admittance after baseline subtraction: Gp = (Re 2 + Im 2 )/Re.
Data Analysis. Individual spike and capacitance step processing was performed using macros for IGOR (Wavemetrics), allowing peak/step detection and integration and kinetic parameter calculations. The Kruskal-Wallis test for unpaired samples was used to establish statistical significance among the different experimental data (samples were considered significantly different when P < 0.05). All data were expressed as mean ± SEM from experiments representing averages of the individual cells. Presented data represent experiments performed with cells from at least three different cultures.
